Lytic polysaccharide monooxygenases (LPMOs) are crucial components of cellulase mixtures but their stability has not yet been studied in detail, let alone been engineered for industrial applications. In this work, we have evaluated the importance of disulfide bridges for the thermodynamic stability of Streptomyces coelicolor LPMO10C. Interestingly, this enzyme was found to retain 34% of its activity after 2-h incubation at 80°C while its apparent melting temperature (T m ) is only 51°C. When its three disulfide bridges were broken, however, irreversible unfolding occurred and no residual activity could be detected after a similar heat treatment. Based on these findings, additional disulfide bridges were introduced, as predicted by computational tools (MOdelling of DIsulfide bridges in Proteins (MODiP) and Disulfide by Design (DbD)) and using the most flexible positions in the structure as target sites. Four out of 16 variants displayed an improvement in T m , ranging from 2 to 9°C. Combining the positive mutations yielded additional improvements (up to 19°C) but aberrant unfolding patterns became apparent in some cases, resulting in a diminished capacity for heat resistance. Nonetheless, the best variant, a combination of A143C-P183C and S73C-A115C, displayed a 12°C increase in T m and was able to retain and was able to retain no less than 60% of its activity after heat treatment.
Introduction
Cellulose, the main component of plant biomass, is the most abundant biopolymer on Earth and has therefore a huge potential as second-generation renewable resource (O'sullivan, 1997) . However, the natural need for robustness in the plant cell wall results in recalcitrant behavior toward degradation. Bacteria and fungi that can grow on cellulosic materials are equipped with a complex cellulose degradation machinery, including a range of hydrolases and (usually) a variety of lytic polysaccharide monooxygenases (LPMOs).
The latter group of enzymes has only recently been discovered, but has attracted enormous interest since its first mentioning (Horn et al., 2012; Hemsworth et al., 2015; Span and Marletta, 2015) . The promise of these LPMOs lies in the boosting effect that they exert on the classical cellulases by oxidatively cleaving the glycosidic bond in cellulose (Harris et al., 2010; Vaaje-Kolstad et al., 2010; Beeson et al., 2012) . In this way, they disrupt the crystalline structure of the substrate and provide new chain ends for the cellulases to work on. Hence, LPMOs have become a compelling addition to the existing cellulose degradation cocktails (Agger et al., 2014; Jung et al., 2015) .
Today, LPMOs are classified following the CAZy database in Auxiliary Activity families 9, 10, 11 and 13 (Levasseur et al., 2013) . They all share a characteristic flat binding surface to accommodate the substrate, a central twisted β-sandwich and an essential copper ion in the active site, coordinated by a so-called histidine brace. Family AA10, formerly known as CBM33, counts meanwhilẽ 2000 entries, of which~1800 are from bacterial origin. Most of them are active on chitin; however, some have also shown activity on cellulose. One of these examples is Streptomyces coelicolor LPMO10C, formerly known as ScCelS2. The enzyme is active on cellulose and oxidizes the glucose chain to form neutral cellodextrins and gluconic acids. It was one of the first LPMOs to have been discovered and characterized (Forsberg et al., 2011) , and the availability of its crystal structure has made the enzyme an interesting research subject (Bessette et al., 1999; Forsberg et al., 2011 Forsberg et al., , 2014a Forsberg et al., , 2014b Sprenger et al., 2016; Westereng et al., 2016) .
Although LPMOs are intensively investigated these days, the majority of the studies deal with elucidation of the reaction mechanism (Gudmundsson et al., 2014; Kim et al., 2014; Cannella et al., 2016) , expression and characterization of new family members Sygmund et al., 2012; Kim et al., 2016; Nekiunaite et al., 2016) . Only very few studies have focused on stability of LPMOs, whereas this has been a very productive research area in the case of classical cellulases (Wilson, 2009 ). Higher temperatures not only increase the reaction rate but also offer other advantages, such as decreased viscosity and decreased risk of microbial contamination (Turner et al., 2007) . Furthermore, increased temperatures might promote cell-wall disorganization and thus better penetration of the enzymes (Paës and O'Donohue, 2006) . Besides, lignocellulosic biomass is usually pretreated in harsh conditions such as extreme pH, high temperature and high pressure. The classical (hemi)cellulases in the enzyme mixtures have therefore already undergone intensive thermostability engineering while LPMOs still need this experimental phase.
Little information on stability of LPMOs has been reported so far. reported that breaking disulfide bridges leads to a lower melting temperature (T m ) for Serratia marcescens CBP21. Furthermore, the metal ion in the active site seems to have a huge effect on the thermodynamic stability. Indeed, Hemsworth et al. (2013) described for Bacillus amyloliquefaciens CBM33 a difference in melting temperature of 20°C for the apoenzyme in comparison with a Cu(II)-bound form. Also, Sprenger et al. (2016) showed through in silico molecular dynamics simulations that ScLPMO10C and ScLPMO10B are just as stable in ionic liquids as in water. For family AA9, melting temperatures of some Neurospora crassa enzymes have already been measured and a very recent paper describes the stability and halotolerance of two LPMOs isolated from a mangrove (Patel et al., 2016) .
Many approaches exist for protein stabilization, but the introduction of disulfide bridges can have a particularly strong effect due to the introduction of a covalent linkage. For example, an increase in melting temperature of 10°C was observed after introducing three disulfide bonds in Cel7A from Talaromyces emersonii (Voutilainen et al., 2010) . In spite of the positive reports, it remains very challenging to predict where in a protein structure beneficial disulfides can be created by sitedirected mutagenesis (Janssen et al., 1999; Chakraborty et al., 2005; Siadat et al., 2006; Pecher and Arnold, 2009) . Apart from the geometric requirements for suitable angles and distances, some guidelines for higher success ratios have been reported, such as (i) targeting flexible regions (with a high B-factor) (Craig and Dombkowski, 2013), (ii) covering a large loop length (25-75 residues ideally, Pace et al., 1988) or (iii) choosing residues close to the protein surface (Dani et al., 2003) . To quickly evaluate the many different possibilities, various in silico tools have been developed for disulfide design, including DISULFIND (Ceroni et al., 2006) , Disulfide by Design (DbD) (Craig and Dombkowski, 2013) , MOdelling of DIsulfide bridges in Proteins (MODiP) (Sowdhamini et al., 1989; Dani et al., 2003) and MAESTRO (Laimer et al., 2015) .
To the best of our knowledge, this is the first study reporting stability improvements for LPMOs. After observing a key role of the native disulfide bridges in resistance against heat inactivation, the effect of additional disulfide bridges on thermostability was investigated. This work provides some new insights in LPMO stability and can form the basis for further engineering of this interesting class of enzymes.
Materials and methods

Cloning of ScLPMO10C
The coding sequence for S. coelicolor LPMO10C (Uniprot Q9RJY2) preceded by its native secretion signal was chemically synthesized by GeneArt (Thermo Fisher Scientific) with a codon usage that is optimized for expression in Escherichia coli (Supplementary Table S1 ). The coding sequence was cloned into the pCXP34 vector for constitutive expression (Aerts et al., 2011) via a three piece Gibson assembly (Gibson et al., 2009 ) and a His 6 -tag was attached immediately downstream of the coding sequence via the primer sequences. The three pieces were first separately amplified with Pfu Ultra AD high fidelity polymerase (Agilent Technologies). The first piece amplified via polymerase chain reaction (PCR) included the coding sequence of the desired protein as picked up from the p-MAT vector provided by GeneArt (all primers in Supplementary Table S2 ). The second and third pieces were amplified from the destination vector pCXP34. The second piece started at His 6 and ended in the middle of the β-lactamase sequence while the third piece completed the β-lactamase gene and ended immediately downstream of the p34 promoter sequence. After dpnI restriction and purification of the fragments (MinElute PCR Purification Kit, Quiagen), Gibson assembly was performed during 1 h at 50°C. Next, 2 µl of the mixture was used to transform electrocompetent E. coli BL21 (DE3) cells via electroporation.
Site-directed mutagenesis
To obtain the enzyme variants, site-directed mutagenesis was performed using the method of Sanchis (Sanchis et al., 2008) . However, instead of using a single PCR, the creation of the mega-primer and whole plasmid PCR were separately performed to obtain higher yields. For these reactions, Primestar GXL DNA polymerase (Takara Bio Inc.) and Pfu Ultra AD polymerase (Agilent Technologies), respectively, were used following the manufacturer's instructions. The same reverse primer and variable mutagenic forward primers were used in this construction (primers in Supplementary Table S3 ). After dpnI restriction digest, a volume of 20 µl of in-house prepared (Warren, 2011 ) electrocompetent E. coli BL21 (DE3) cells was subjected to electroporation with 2 µl of the mixture. Cells were selected on LB plates containing 100 µg/ml ampicillin. The correct sequence of the mutated versions of ScLPMO10C was confirmed (Macrogen Europe) before enzyme production.
Protein expression and purification
E. coli cells were grown in 250 ml terrific broth medium (1.2% tryptone, 2.4% yeast extract, 0.4% glycerol, 0.017 M KH 2 PO 4 and 0.072 M K 2 HPO 4 ) containing 100 µg/ml ampicillin. The cultures were inoculated with 2.5 ml of an overnight grown preculture and they were incubated at 30°C for 18-20 h, while shaking at 200 rpm.
The cells were pelleted by centrifugation for 10 min at 3200 × g and 4°C, and the periplasmic fraction was isolated in two steps. The first fraction was obtained by resuspending the pellet in 12.5 ml (1/20 of the culture volume) of a solution containing 20% (w/v) sucrose, 100 mM Tris-HCl (pH 8) and 1 mM EDTA, and subsequently incubated on ice for 30 min. After centrifugation (20 min 4500 × g), the supernatant was collected. Next, the cell pellet was resuspended in 12.5 ml of a 5-mM MgCl 2 solution and incubated for 20 min on ice. The suspension was then centrifuged for 20 min at 4500 × g and the resulting supernatant was pooled with the former one and stored at −20°C until use.
The protein was purified by immobilized metal-ion affinity chromatography using 1.5 ml Ni-NTA agarose slurry (MC-lab) in 10 ml purification columns. The resin was first washed with 10 ml distilled water and equilibrated with 2 × 10 ml PBS buffer (50 mM sodium phosphate and 300 mM sodium chloride at pH 7.4) containing 10 mM imidazole. The protein sample was adjusted to the same concentration of imidazole, hereafter a volume of 10 ml sample was applied to the purification column. The columns were incubated at 4°C for 30-60 min while gently rotating to allow binding to the resin. The suspension did settle down by gravity. More sample was applied and incubated at 4°C until all sample was loaded to the column. Next, the column was washed with 3 × 8 ml of 20 mM imidazole in PBS buffer and the protein was finally eluted in 10 ml of 100 mM imidazole solution. The buffer was exchanged for 50 mM sodium acetate pH 5 and the sample was concentrated 25 times using Vivaspin 6 columns with 10 K PES membrane (Sartorius). The enzyme concentration was measured using a Nanodrop device (extinction coefficient 75 775/M/cm) and purity was evaluated via SDS-PAGE using 12% SDS-gels and subsequent coomassie staining (QC Colloidal coomassie, Biorad).
Differential scanning fluorimetry for T m measurement
The melting temperature of the purified enzymes was measured in triplicate via differential scanning fluorimetry (DSF) (Niesen et al., 2007) in a CFX Connect96 cycler (Biorad) using the FRET channel (excitation/emission: 450-490 nm/560-580 nm). For comparable results, the purified protein samples were diluted to the concentration of the sample with the lowest yield, with a minimum of 0.200 mg/ml. Twenty microliters of sample was then mixed with 10 µl of Sypro Orange (Sigma-Aldrich) in a 1/400 dilution in sodium-acetate buffer pH 5. The temperature was increased from 20 to 95°C with 1°C/min increment. As the apparent melting temperature (T m ) is defined as the inflection point of the melting curve, the minimum value of the negative first derivative equals the T m . This value is determined by the CFX Manager software (Biorad).
Relative shares in the unfolding process were calculated from the amplitude (peak height) of the different appearing melting peaks.
Activity analysis using HPAEC-PAD
The activity of all enzymes was measured by mixing 0.8 µM of protein (final concentrations) with 1 mM ascorbic acid and 1.2% phosphoric acid swollen cellulose (PASC, prepared according to Wood, 1988) in 10 mM sodium acetate buffer pH 5. The reactions, set-up in triplicate, were incubated for 16 h at 37°C while shaking at 1400 rpm in an Eppendorf Thermomixer. The reaction was stopped by incubation at 95°C for 10 min, which was shown to inactivate all variants. The reaction products were analyzed by HPAEC-PAD using the method described by Forsberg et al. (2011) . The peak area of cellobionic acid was used as a measure for activity since it is a characteristic product that gives a strong signal and is nicely separated from the others. Furthermore, a calibration curve generated with known concentrations of a cellobionic acid standard (Carbosynth) confirmed the linear response of this method ( Supplementary Fig. S3 ). Finally, the correlation between the enzyme concentration and the amount of cellobionic acid formed was also examined (Supplementary Fig. S4 ). Indeed, it is imperative to check whether those two parameters are directly proportional, because degradation of insoluble substrates like PASC is typically a non-linear process, which can result in significant deviations. However, our calibration curve was found to be linear in the relevant concentration range, meaning that the peak area can be used as a measure for the relative activity obtained by mutagenesis and/or heat treatment. Under the described conditions, 6.6 µM of cellobionic acid was generated, which corresponds to a turnover of 0.00014/s.
Heat treatment
To determine the enzyme variants' resistance against heat treatment, samples were incubated at 80°C (hot water bath) for 2 h and subsequently cooled on ice for 2 h. As a reference, samples with an identical enzyme concentration were incubated for 4 h on ice. A mixture containing ascorbic acid, PASC and 10 mM sodium-acetate buffer pH 5 was added to the enzyme to determine the residual activity at 37°C, as specified earlier in the Activity analysis section. If necessary, disulfide bridges were chemically broken by addition of 10 mM tris(2-carboxyethyl)phosphine (TCEP). Even though ScLPMO10C produces a range of neutral cellodextrins and aldonic acids with different degree of polymerization, they all showed similar patterns in product formation as a result of the heat treatment. Therefore, only the cellobionic acid production was shown as representative. The average peak area and standard deviation were calculated from three replicates.
Results
Native disulfide bridges contribute to heat resistance LPMO10C from S. coelicolor consists of a catalytic domain (CD) and a carbohydrate-binding module (CBM), connected by a flexible linker. Of the protein's three disulfide bonds, two are located in the CD (C48-C66 and C103-C222) and one in the CBM (C265-C361). The thermal stability of the wild-type enzyme was first examined by DSF (Niesen et al., 2007) , which yielded an apparent melting temperature (T m ) of 51°C, a value that is quite typical for a mesophilic enzyme (Feller, 2010) .
In contrast to the enzyme's rather moderate thermodynamic stability, a relatively high kinetic stability was observed at elevated temperatures. Indeed, after 2-h incubation at 80°C, a residual activity of 34% could still be detected (Fig. 1) , compared with 100% for the same enzyme incubated for 2 h on ice prior to activity measurement (100% activity corresponds to 0.2 mg cellobionic acid produced per gram of substrate). However, this was only true when the native disulfide bridges were kept intact, since breaking these covalent linkages with TCEP (Getz et al., 1999; Auclair et al., 2010) before the heat treatment, resulted in irreversible unfolding and complete loss of activity. The chemical treatment did by itself also lower the enzyme's activity (to~80%) but not enough to explain the dramatic decrease caused by the heat treatment (Fig. 1) . To further assess the role of disulfide bridges in the enzyme's heat resistance, the effect of introducing additional disulfide bridges was investigated next.
Target positions for introduction of extra disulfide bonds
To introduce additional disulfide bonds, only the CD of the enzyme was considered since not all AA10 members harbor a CBM. Additionally, the computational tools that were used for the mutational design require a three-dimensional structure as input, which is only available for the CD of ScLPMO10C (residues 35-230, PDB code: 4OY7) (Forsberg et al., 2014a) .
Target positions were selected based on the combination of two computational tools (Fig. 2) . The first tool, called MODiP (Sowdhamini et al., 1989; Dani et al., 2003) , identified 57 possible linkages, assigned with a Grade factor A to D, reflecting a decreasing geometric and steric feasibility. Sixteen of them were graded A and twenty-one were graded B. The options with Grade C and D were not further considered since they are not very likely to be formed. The second tool, DbD (Craig and Dombkowski, 2013) suggested 40 putative disulfide bridges. All A-graded options of MODiP were predicted by DbD too, including the two native disulfide bonds. Since these show the highest possibility to be formed, they will be considered for mutation experiments. From the 21 B-graded MODiP predictions, only 15 were also predicted by DbD (Fig. 2) . Because a B-graded MODiP score means that the disulfide bridges are less likely to be formed, an additional restriction was added. The list of 15 suggested disulfide bridges was reduced to only 3 options by solely considering bonds that include a residue in the top 20 (or 10%) of most flexible positions as determined by their B-factor (Reetz et al., 2006) (Supplementary Table S4 ). Additionally, to avoid activity loss, suggested disulfide pairs that include one of the copper-coordinating residues (His-35, His-144 and Phe-219) were eliminated from the entire A and B lists that remained for evaluation in vitro. In the end, a total of 16 disulfide predictions was obtained in this way (Table I) . Interestingly, this list included a rearrangement of a native disulfide bridge, i.e. the substitution of C48-C66 by P61C-C66. In that case, the native cysteine at position 48 was mutated into an alanine to avoid expression hurdles or aberrant disulfide bonds due to the free −SH group (Wedemeyer et al., 2000; Fremaux et al., 2002; Ai et al., 2003) .
Effect of extra disulfide bridges on melting temperature
All of the predicted disulfide bridges were then introduced individually by site-directed mutagenesis, and the stability of the corresponding enzyme variants was screened by DSF (Table I and Supplementary  Fig. S1 ). Unfortunately, the effect of three of the suggested crosslinks could not be measured because the protein expression was much too low for practical purposes. The other linkages showed a variable effect on T m , i.e. nine resulted in a significant decrease and four in an increase. Interestingly, mutation S73C was involved in two beneficial combinations, but only the one with the highest increase (S73C-A115C) has been used in further combinations. Despite the fact that A115C was involved in the highest thermostability improvement, this mutation was also part of a slightly destabilizing disulfide introduction (Q72C-A115C).
Next, combinations of the beneficial cysteine pairs were also evaluated, which revealed that their effect on T m is more or less additive (Table II and Fig. 3 ). However, a second peak at a lower temperature in the melting curve started to emerge in all cases. This new signal remained relatively small for the two least stable of the double combinations (D1 and D2) but the left peak became more prominent than the right peak for the most stable one (D3). With the variant that contained all three of the additional disulfide bridges, the unfolding curve even appeared to be the result of multiple overlapping peaks, from which T m values of 40, 51 and 70°C could be deduced. Fig. 1 Relative amount of cellobionic acid produced by wild type (WT) and variants with and without heat treatment. The proteins were incubated for 2 h at 80°C and subsequently cooled for 2 h on ice (top bar '80°C'), with samples only stored on ice for 4 h serving as reference (bottom bar 'ice'). The activity on PASC was measured at 37°C and pH 5 and analyzed with HPAEC-PAD after overnight shaking. Cellobionic acid formation of the variants is reported relative to the wild-type enzyme (100%). In one set-up, the WT was treated with 10 mM TCEP to chemically break the native disulfide bonds In order to investigate the practical effects of the ambiguous melting pattern, the combined variants were also evaluated with respect to their resistance against inactivation at higher temperatures (2 h at 80°C). All enzymes showed a comparable activity before incubation (89-104% of the wild type), meaning that the mutations did not affect their catalytic machinery (Fig. 1) . Differences could be observed, however, when comparing the samples that were preincubated for 2 h at 80°C. In particular, variant D2 offered a clearly improved heat resistance, with 60% of its activity remaining compared with only 34% for the wild-type enzyme. Interestingly, the variants for which the T m curves showed pronounced multiple peaks (i.e. D3 and T) had a very low residual activity, indicating that the altered unfolding pattern has a negative effect on heat resistance.
Discussion
The most intriguing finding in this work is that ScLPMO10C is able to retain 34% of its activity after 2-h incubation at 80°C, thanks to the presence of three disulfide bridges. This is quite remarkable since 80°C far exceeds the enzyme's apparent melting temperature of 51°C. When disulfide bridges were broken, however, irreversible unfolding occurred. Similar reports of disulfide bridges providing resistance to irreversible denaturation have been described (Wetzel et al., 1988; Luckey et al., 1991; Florczak et al., 2013) and assigned to lower energy requirements for reclaiming the native conformation after (partial) heat denaturation because of a lower entropy in the denatured state. We, therefore, explored the hypothesis that introducing additional disulfide bridges could further increase this unusual heat resistance.
A total of 16 new disulfide bridges were first evaluated based on their apparent melting temperature (T m ). The results revealed an increase in T m from 51°C for the wild type to 60°C for the best single disulfide introduction (S73C-A115C) and 63°C for the best combined variant (D2, containing A143C-P183C and S73C-A115C). Since biomass degradation is usually performed at 50-60°C, increasing the T m to values above that temperature is a very useful outcome. Indeed, the classical cellulases have already been extensively engineered for exactly that purpose. Lantz et al. (2010) have presented an overview of the enzymes from the industrial workhorse Sum of B-factor of both residues to mutate, each calculated as average B-factor of the backbone and β-carbon atom (Craig and Dombkowski, 2013) . This variant contained an extra C48A mutation to avoid formation of the native C48-C66 disulfide bond. Table II . Overview of the disulfide bond combinations that were evaluated in this study
Values derived from the different inflection points in the spectrum (Fig. 3) , with the relative amplitude (peak heights) in between brackets.
Trichoderma reesei (now Hypocrea jecorina), which display T m values ranging from 61 to 77°C. They even further improved the mixture by engineering CBH II (Cel6A) to obtain a T m increase from 67 to 74°C. So even the T m of our best variant is still at the lower end of the spectrum and further engineering techniques might be required to avoid limiting circumstances due to LPMO performance. Disulfide engineering has been applied in the field of cellulases with varying outcome in terms of stability improvement (Voutilainen et al., 2010; Badieyan et al., 2012; Mitrovic et al., 2014) . Moreover, the location of the crosslink has to be carefully chosen to not perturb the activity. For example, adding extra disulfide bridges across the tunnel region of the exocellulase Thermobifida fusca Cel6B resulted in a decrease in ligand binding so that a lower activity and processivity were measured (Zhang et al., 2000) . In our work, the coppercoordinating residues of ScLPMO10C (His-35, His-144 and Phe-219) were therefore left untouched. Interestingly, alanine 143 was involved in a putative crosslink with stabilizing outcome even though its neighboring residues histidine 144 (binds copper) and alanine 142 (shields copper (Hemsworth et al., 2013; Forsberg et al., 2014a) ) are crucial and strictly conserved (Hemsworth et al., 2013; Forsberg et al., 2014a) . However, alanine 143 itself is not a conserved residue and the mutation A143C-P183C also did not affect the enzyme's activity (Fig. 1) , despite the fact that it is situated at the cellulosebinding surface (Fig. 4A) . Noteworthy, all other beneficial disulfide bonds are situated in loop L2 (Fig. 4) , which is believed to be a determinant of the different substrate specificities present in this enzyme family (Li et al., 2012) . In LPMO10C, the L2 loop would be responsible for at least half of the substrate binding surface (Forsberg et al., 2014a) . Nonetheless, all enzyme variants showed a comparable product profile that contains none of the keto-aldonic acids that are characteristic for the other LPMO classes (Supplementary Fig. S2) . Figure 4B and C shows the location of the three other beneficial disulfide introductions. Disulfide bond A52C-P61C forms a connection in the most flexible region of the protein (as determined by B-factors, see Fig. 5 ) and is almost parallel to the native bond C48-C66. Although longer loop lengths (>25 residues) are usually preferred for a stabilizing effect, this shows an exceptional case for the native as well as the engineered linkage. The last two possibilities connect serine 73 to either alanine 115 or aspartate 112. Serine 73 is not part of the 10% most flexible residues but residues 71 and 72 are, which might contribute to the stabilizing effect. All three residues are found at the protein surface, which is known be beneficial for stable disulfide formation (Dani et al., 2003) . The crosslink S73C-A115C shows the largest increase in thermostability, probably because it connects two (almost) parallel α-helices, which could significantly increase the overall packing.
When combining the individual disulfide bridges, an unexpected phenomenon was observed, namely the appearance of additional unfolding peaks in the melting curve (Fig. 3) . Although one peak always seems to originate from the additional effect of the beneficial bonds, the other signals correspond to T m values that are significantly lower, even lower than that of the wild-type enzyme (Table II) . Furthermore, the variants for which the additional peaks became very prominent (D3 and T) also showed a diminished residual activity after heat treatment (Fig. 1) . One possible explanation could be the formation of unintended bonds between the available cysteine residues, resulting in isomers that are less stable than the target structure. Such behavior is known as disulfide scrambling (Zhang et al., 2011) and has been reported in literature for leech carboxypeptidase inhibitor (Arolas et al., 2009 ), T. fusca Cel6A (Ai et al., 2003 and IgG2 monoclonal antibodies (Wang et al., 2011) . For example, residues Ala-52 and Ser-73 are both relatively close to the native crosslinked Cys-66 (Fig. 4) and could become part of a mismatched pair after their mutagenesis to cysteine. Remarkably, however, the introduction of either A52C-P61C or S73C-A112C seems to have a beneficial effect in combination with the native C66-C48 bond, while the combination of all three crosslinks (in D3 or T) results in a deteriorated stability. When all parameters are taken into account, the best performing variant seems to be D2 (combination of A143C-P183C and S73C-A115C) as this variant shows only a very small aberrant peak in its melting curve and offers an almost doubled residual activity after heat treatment. This result shows that extra disulfide bridges can improve reversible unfolding. It should also be noted that few variants failed to express, even after various optimization attempts (Table I ). This positional effect has earlier been described for disulfide introductions (Ai et al., 2003) , but is very hard to predict or rationalize. Furthermore, the effect of a single mutation can also be remarkably variable, as several residues could form the basis of more than one bond but with a different outcome, i.e. from two beneficial combinations (S73C), over a beneficial and neutral introduction (A115C), a beneficial and disadvantageous effect (P61C), to non-expressed proteins (P41C). This suggests that the stabilizing effect is caused by a specific residue couple and cannot be predicted by one residue only.
On a more general note, the results presented in this study can also provide a rationale for selecting disulfide couples from disulfide predictions. First of all, the last six disulfide couples in Table I all had a negative effect on the melting temperature. This could be explained by their close proximity to a native disulfide bridge, as they are maximally three residues apart from a native cysteine. In contrast, alanine 52 is located four residues away from native cysteine 48 and its involvement in new disulfide bonds did yield an increase in T m . Secondly, the combination of MODiP (Grade A) and DbD has been used before (Badieyan et al., 2012; Le et al., 2012; Yin et al., 2015) and confirmed to be valuable in this study. However, it was shown here that the use of MODiP Grade B can be omitted. In addition, high B-factors (as used before (Le et al., 2012) ) seem a reliable parameter to further reduce the list of possible linkages. Indeed, the four beneficial new linkages corresponded in fact to the four combinations with the highest sum of B-factors within MODiP Grade A. However, their respective increase in protein stability did not correlate with their rank in B-factors, since the highest increase in T m was obtained with number four in the list.
Finally, it should be emphasized that disulfide engineering can be performed successfully with E. coli as expression host. Indeed, all of the variants described here were screened using this system, although the need for periplasmic expression meant that the protein yields were relatively low (1-10 mg/l). Nevertheless, this issue can be addressed by the use of knock-out strains that provide a sufficiently oxidizing environment for disulfide formation within the cytoplasm (Bessette et al., 1999; Lobstein et al., 2012) . Furthermore, proteins with cysteine bonds can also be obtained directly from the supernatant (Zhang et al., 2000) . All of these tools can contribute to making disulfide introductions a more efficient and routine strategy in future engineering projects.
Conclusions
Disulfide engineering was shown to be a powerful tool for increasing the thermodynamic stability of ScLPMO10C. Indeed, the enzyme's apparent melting temperature could be increased from 51 to 63°C by the introduction of two additional disulfide bridges (A143C-P183C and S73C-A115C). Furthermore, this variant also displayed a drastic increase in residual activity after incubation at 80°C. Remarkably, however, some mutations resulted in a melting pattern with multiple peaks and concomitant deterioration of thermostability. This means that care should be taken when several cysteine residues are introduced in close proximity, since these can become part of unwanted bonds. For the design of disulfide bridges, the combination of MODiP (Grade A) and DbD was confirmed to be especially valuable when targeting the most flexible positions (high B-factor) in the protein structure.
Supplementary data
Supplementary data are available at Protein Engineering, Design and Selection online. (Reetz et al., 2006) . The 10% most flexible residues (high B-factor) and active site residues are indicated. The native disulfide bridges are visualized in dashed lines, and the additional bonds in dotted lines together with their corresponding increase in T m . The lower part of the figure shows the secondary structure with its nine β-sheets and several α-helices. The variable L2 loop and LS loop are indicated in green and purple, respectively
